with its homologs in yeast and Drosophila, FBF is likely six of the eight PUF repeats; fbf-2(q655) deletes 1400 bp, including the C-terminal PUF repeat and Csp domain. By to control the stability or translation of its target mRNAs.
Previous studies suggested that FBF-1 and FBF-2 RT-PCR, fbf-2 mRNA was not detected in fbf-2(q735) mutants, but it was detected in fbf-2(q655) and fbfare redundant: fbf-1 single mutants are grossly normal, albeit with smaller mitotic regions and more hermaphro-2(q738) mutants; the RT-PCR products confirmed the latter two deletions and revealed a frameshift leading dite sperm than wild-type (Crittenden et al., 2002) . In this paper, we confirm the fbf-1/fbf-2 redundancy but to premature termination for fbf-2(q738). By immunocytochemistry, FBF-2 protein was not detected in fbfalso identify individual roles for each gene in regulating the size of the mitotic region. Like fbf-1, the fbf-2 single 2(q655, q735, or q738) homozygotes (see below). Because all PUF repeats are required for RNA binding mutants are grossly normal, but in contrast to fbf-1, fbf-2 mutant germlines have a larger mitotic region than and because all three fbf-2 alleles have essentially the same phenotype (see below), they normal and can be feminized. Consistent with fbf-1 and fbf-2 having individual roles, we find that their mRNAs are likely all strong loss-of-function or null alleles. Most fbf-2 single mutant hermaphrodites are self-ferand proteins are expressed in distinct patterns. Furthermore, the fbf-2 gene appears to be a direct target of tile (q735, 98%, n ϭ 941; q738, 98%, n ϭ 2201; q655, 91%, n ϭ 1630). Therefore, the fbf-2 gene, like fbf-1, is GLP-1/Notch signaling, a finding that forges the first molecular link between GLP-1/Notch signaling and the not essential for germline development. However, fbf-2 XX germlines were sometimes feminized, possessing RNA regulatory circuit. We find that fbf-1 and fbf-2 repress each other's expression and that this reciprocal no cells typical of spermatogenesis ( Figure 1F ) (q735, 1%, n ϭ 941; q738, 1%, n ϭ 2201; q655, 7%, n ϭ 1630). repression is likely to be direct via FBF binding sites in the fbf-1 and fbf-2 3Ј UTRs. We suggest that GLP-1/ We conclude that fbf-1 and fbf-2 are essentially redundant to each other but that they have reproducible and Notch signaling and FBF autoregulation work together to control the distribution and amount of FBF and opposite effects on germline sex determination. thereby fine-tune the size of the mitotic region. (Figures 1A and 1B) . Similarly, fbf-1 null mutants ( Figure 1C) contrast, fbf-1 mitotic regions were shorter and had fewer total germ cells (Figures 2C and 4H ; also see make both gametes, although they make more sperm than normal (Crittenden et al., 2002 ). Indeed, rare fbf-1
Crittenden et al., 2002), and fbf-2 mitotic regions were longer and had more germ cells ( Figures 2D and 4H ). mutant hermaphrodites are sterile, making many more sperm than normal and failing to switch into oogenesis Indeed, the mitotic region of fbf-2 germlines contained ‫004ف‬ germ cells on average, and it extended ‫72ف‬ germ ( Figure 1D) .
To examine the fbf-2 phenotype, we generated three cell diameters from the distal tip. To corroborate these size changes visualized by DAPI staining, we examined fbf-2 deletion mutants, each with a different region of the gene removed ( Figure 1E ). The fbf-2(q735) allele the positions of anti-PH3 (phosphorylated histone H3)-positive nuclei in fbf-1 and fbf-2 single mutant germlines. deletes 1052 bp, including the initiation codon and sequences encoding the N-terminal PUF repeat; fbfConsistent with the DAPI result, the range of anti-PH3-positive nuclei was shorter than normal in fbf-1 mutants 2(q738) deletes 1084 bp, including sequences encoding
Distinct Patterns of FBF-1 and FBF-2 Proteins
To examine FBF-1 and FBF-2 proteins individually, we used antibodies that specifically recognize each protein.
As reported previously (Crittenden et al., 2002) , FBF-1-specific antibodies stain weakly in the most distal mitotic nuclei of wild-type germlines and more strongly in the proximal three-fourths of the mitotic region. Strong FBF-1 staining begins ‫6ف‬ germ cell diameters from the distal tip and extends to ‫02ف‬ germ cell diameters (Figures 4A and 4H) . The FBF-1 protein distribution in wildtype germlines is consistent with the broad distribution of fbf-1 mRNA observed in fbf-2 mutants.
To detect FBF-2 specifically, we raised a polyclonal antibody against the FBF-2-specific C-terminal extension (asterisk, Figure 1E ). This antibody recognized recombinant FBF-2 on Western blots, but not FBF-1 or PUF-8, another C. elegans PUF protein ( Figures 4C and  4D) . By immunocytochemistry, FBF-2 staining was faint, but reproducible, in germ cells directly adjacent to the distal tip cell, extending proximally ‫71ف‬ germ cell diameters ( Figures 4E and 4H ). The FBF-2 antibody did not detect protein in fbf-2(q738), fbf-2(q655), or fbf-2(q735) germlines ( Figure 4F ; not shown) and, therefore, it is specific. The distal FBF-2 protein distribution in wild- We next examined FBF-1 and FBF-2 proteins in fbf-2 or fbf-1 single mutants, respectively. In fbf-2 mutant germlines, FBF-1 protein increased in both level and and longer in fbf-2 mutants ( Figure 4H ). Furthermore, extent compared to wild-type ( Figures 4A and 4B) . A two other markers of the mitotic region, GLP-1 and similar increase in FBF-1 abundance was seen in all REC-8, were similarly affected (not shown). We conclude three fbf-2 mutants (q655, q735, and q738). Strong antithat fbf-1 and fbf-2 have reproducible and opposite ef-FBF-1 staining was sometimes visible all the way to the fects on the size of the mitotic region. distal end, but more typically it extended ‫92-5ف‬ germ cell diameters along the distal-proximal axis from the Distinct Patterns of fbf-1 and fbf-2 mRNAs DTC ( Figures 4B and 4H ). In the converse experiment, The fbf-1 and fbf-2 phenotypic differences might reflect FBF-2 was more abundant in fbf-1 mutants than wildgene-specific regulation. We therefore examined their type, but its extent was not dramatically increased (FigmRNAs by in situ hybridization. The fbf-1 and fbf-2 ures 4E and 4G). Strong FBF-2 staining began adjacent mRNA transcripts are 90.4% identical across their to the DTC and remained strong until ‫81ف‬ germ cell length, making it difficult to examine each transcript diameters from the DTC ( Figure 4H ). We conclude that individually in wild-type germlines. To circumvent this FBF-1 and FBF-2 protein levels are sensitive to the prestechnical obstacle, we designed an 841 nt hybridization ence or absence of the other FBF. probe that recognizes a sequence in the middle of both To ask whether FBF-1 and FBF-2 might regulate their genes and that is deleted in the fbf-1(ok91) and fbfown expression directly, we examined their 3Ј UTRs for 2(q738) single mutants. In wild-type germlines, the antiputative FBF binding elements (FBEs). Using a consensense, but not the sense, probe detected RNAs broadly sus sequence for FBF binding (see Experimental Procedistributed in the distal germline ( Figures 3A and 3B ). dures), we identified three potential FBEs in both fbf-1 To examine fbf-1 mRNA specifically, we hybridized disand fbf-2 3Ј UTRs ( Figure 5A ). All candidate sites carry sected fbf-2(q738) germlines and found staining with the crucial UGUR motif invariably present in PUF binding the antisense probe throughout the distal arm (Figure sites ( Figure 5C ). We refer to potential sites in the fbf-1 3C). To examine fbf-2 mRNA specifically, we hybridized 3Ј UTR as FBE-1x and to specific sites in fbf-2 as FBEdissected fbf-1(ok91) germlines and found staining with 2x; the FBE-1a and FBE-2a sites are identical and are the antisense probe that was most abundant in the distal called FBE-a for simplicity. end ( Figure 3D although one divergent site (*) was present in the region corresponding to fbf-2 LBS-1 (Figures 6A, bottom, and To determine whether FBF binds FBE-a in the absence of other factors, we used purified, recombinant FBF-2 6B). We used a gel electrophoretic mobility shift assay to test if LAG-1 binds to all four consensus fbf-2 LBS and RNAs containing the FBE-a sequence ( Figure 5C ). Using a gel electrophoretic mobility shift assay, FBF-2 sites as well as the divergent fbf-1 site. All four sites in the fbf-2 5Ј flanking region bound purified LAG-1 (Figure  bound the FBE-a RNA (Figure 5D ). Binding was specific, since it was eliminated by changing the UGU to ACA 6C, left; data not shown), but the divergent fbf-1* site did not bind well ( Figure 6C, right) . To test specificity of ( Figure 5D ). We conclude that FBF-1 and FBF-2 bind specifically and directly to an FBE in each of the fbf-1 the LBS-1/LAG-1 binding, we used unlabeled LBS-1 or fbf-1* as competitors ( Figure 6D ). Unlabeled fbf-1* DNA and fbf-2 3Ј UTRs.
FBF-1/FBF-2 Reciprocal Repression
did not compete with LAG-1 binding to 32 P-labeled LBS-1, but unlabeled fbf-2 LBS-1 DNA did compete LAG-1 Binding Sites in the fbf-2 5 Flanking Region with binding. We conclude that LAG-1 binds in vitro to The fbf-2 mRNA and protein are both enriched in the elements in the 5Ј flanking region of the fbf-2 gene. distal germline (Figures 3D, 4E, and 4G ). This distribution suggests that the DTC and GLP-1/Notch signaling might control fbf-2 expression. To ask if fbf-2 might be a direct fbf-2 Expression Responds to GLP-1 Signaling In Vivo transcriptional target of GLP-1 signaling, we first examined its genomic sequence for potential LAG-1 binding To test the fbf-2 5Ј flanking DNA for its ability to drive transcription in vivo, we first attempted to make reporter sites. LAG-1 is the sequence-specific DNA binding protein that responds to LIN-12 and GLP-1 (both Notch transgenes driving GFP; however, GFP expression was not detectable (not shown). In parallel experiments with receptors) signaling; LAG-1 binds the consensus site RTGRGAA (Christensen et al., 1996) , which occurs in tagged fbf transgenes, mutant rescue was obtained, but the epitope tag was not detectable by immunocytochemistry or Western analysis (B. Thompson and J.K., unpublished). We therefore abandoned this approach and asked instead if fbf-2 expression could respond to a change in GLP-1 signaling. To assay the fbf response to GLP-1 signaling, we stained for FBF-1 or FBF-2 after a shift of glp-1(ts) mutants to nonpermissive temperature. We included additional mutations to enhance the FBF signal and to decouple the response to GLP-1 signaling from the state of the cell. Therefore, these strains harbored three different types of mutations. First was glp-1(q224ts), a mutation that abrogates GLP-1 signaling at 25ЊC, the restrictive temperature (Austin and Kimble, 1987) . Second were gld-1 and gld-2, which genetically transform the germline into a mitotic tumor (Kadyk and Kimble, 1998). Third was an fbf-1 or fbf-2 single mutant, which we included to increase the signal of FBF-2 or FBF-1 protein, respectively.
We first compared the abundance of FBF-1 protein in the presence of GLP-1 signaling (gld-1 gld-2; fbf-2 mutants, n ϭ 39) to that in the absence of GLP-1 signaling (gld-1 gld-2; fbf-2; glp-1(ts) mutants, n ϭ 48) at 25ЊC. FBF-1 was uniformly distributed throughout the germline of each strain, and its level appeared the same (Figures 6E-6G) . We then compared FBF-2 abundance in the presence and absence of GLP-1 signaling using similar strains (gld-1 gld-2; fbf-1, n ϭ 25, and gld-1 gld-2; fbf-1; glp-1(ts) mutants, n ϭ 26) at 25ЊC. In both strains, FBF-2 was present throughout the germline (Figures 6H  and 6I) . Therefore, FBF-2 cannot be wholly dependent on GLP-1 signaling, at least in these tumorous germlines. However, in those germlines with active GLP-1 signaling, FBF-2 was visibly higher in the distal region ( Figure 6H , triangles) than in the rest of the germline ( Figure 6H) . In germlines without GLP-1 signaling, by contrast, FBF-2 was uniform ( Figure 6I ). To assess this apparent difference, we quantified FBF-2 staining (Figure 6J ) and found that distal germ cells with wild-type GLP-1 signaling had about three times more FBF-2 than cells with defective GLP-1 signaling. We conclude that fbf-2 responds to GLP-1 signaling. , 1996) . We suggest that genes and the average number of cells within that field. In wildtype germlines, FBF distribution includes both FBF-1 subject to negative autoregulation may be more able to escape dosage problems, permitting their duplicates to and FBF-2 ( Figure 7C, top) , both kept at relatively low levels by FBF autoregulation. In fbf-1 mutants, FBF-2 persist long enough for subfunctionalization and fixation. In keeping with this idea, reciprocal repression or protein is more abundant than wild-type but remains restricted to the distal germline ( Figures 4G and 7C 
fbf; glp-1 Mutants

